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INTRODUCTION 
Cardiovascular systems are usually divided into two basic types. 
One type, the closed circulatory system, is depicted as a system of 
closed tubes, often with one or more pumps; intimate association of 
blood and tissues occurs through capillaries (Prosser, 1973). Such 
systems are found in oligochaetes, many polychaetes, leeches, phoronids, 
nemerteans, cephalopod molluscs, holothurian echinoderms and vertebrates. 
The other type, the open system, Prosser (1973) defines as one in which 
a heart ptimps hemolymph through vessels and a hemocoel, a derivative of 
the blastocoel. The hemolymph passes from arteries into tissue spaces 
and returns via hemocoelic sinuses to the heart. Open systems are found 
in most arthropods, many molluscs and ascidians. 
The vast bulk of hemodynamic studies has been confined to closed 
vertebrate systems, particularly those of mammals. Indeed, to workers 
in that area the term hemodynamics has evolved further meaning than 
mere hydrodynamics of blood flow. McDonald (1968) interprets the term 
as "the physical aspects of the cardiovascular system." Such a definition 
also includes consideration of the solid structures which confine the 
blood. Mammalian workers have elevated the science to a sophisticated 
level in which several mathematical models of great utility have been 
derived (Skalak, 1972). 
Knowledge of the hemodynamic situation in open systems pales in 
comparison to that of the closed system of mammals. In only a few species 
of animals possessing open circulatory systems have there been measure­
ments of basic hemodynamic parameters. Unfortunately, many of these are 
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of little use in generalizing about open circulatory systems (Martin and 
Johansen, I965). Recently there has been revived interest in hemodynamics 
of invertebrate circulatory systems, with the major emphasis placed on 
the open type (Blatchford, 1971; Brand, 1972; Fyhn et al., 1973; Goddard, 
1973; Jones, 1971). However, many of these studies were confined to 
measurement of hemolymph pressure in one or two areas of the vascular 
system. 
The major undertaking of this study is to establish basic hemo­
dynamic parameters under well-described conditions in an animal possess­
ing an open circulatory system. Once these parameters are established, 
hopefully some ideas can be obtained concerning the efficiency of such 
a system in meeting the demands of the animal. Chosen for study is the 
pink or corrugated abalone, Haliotis corrugata Gray 1828, phylum 
Mollusca, class Gastropoda, subclass Prosobranchia, order Archaeogas-
tropoda. Abalones are found along the shores of the continents and 
islands in the Pacific, Atlantic and Indian oceans. Abalones attain their 
largest size and numbers along the west coast of North America, Japan, 
Australia and South Africa. Pink abalones are found on rocky shores, 
mainly in coves and bays, along the western coast of America between Point 
Conception and south to Turtle Bay, Baja California. Vertically, they are 
located fron the intertidal area out to depths of 60 m, with the heaviest 
concentrations occurring between 6 and 25 m (Cox, 1962). 
Choice of this animal rests mainly on its merits of large size and 
flattened, loosely coiled, auriform shell which appears to present few 
major obstacles in surgical approaches to the cardiovascular system. 
Further, the animal was selected because in this laboratory of 
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Dr. James R. Redmond, a nuinber of respiratory studies had "been carried 
out using the same species, as well as the black abalone, Haliotis 
cracherodii (Churchwell, 1972; Holste, 1972; and Visser, 1972). Those 
respiratory studies, allied with this present one, will fill in more 
details of the overall biological makeup of the organism. 
The excellent study by Crofts (1929) on Haliotis tuberculata 
contains the most complete anatomical description of genus Haliotis. 
Since no such description exists for Haliotis corrugata, anatomical 
studies of the cardiovasculature are deemed necessary to permit proper 
catheterizations of blood vessels. Such studies thus become a 
companion aspect of this undertaking. 
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REVIEW OF THE LITERATURE 
Instrumentation 
Modern instruments for work in cardiovascular physiology are highly 
sophisticated and miniaturized, but are not always suitable for use on 
invertebrates. Most studies have concentrated on the larger, more 
powerful mammalian cardiovascular system, thereby forcing the inves­
tigator of invertebrate hemodynamics to select his instruments carefully. 
A brief historical excursion into the development of hemodynamic tools 
will clarify how instrumentation was chosen for this study. 
Publication of de motu cordis in 1628 by William Harvey marked the 
genesis of modern physiology. In centuries spanning Harvey's time and 
ours, numerous physiologists have filled in details with greater pre­
cision, and in 1733 the next major advance in cardiovascular physiology 
occurred with publication of Statical Essays, containing Haemostatics, 
etc. by Stephen Hales. Hales reported direct measurement of blood 
pressure in horses using straight tube manometers; he also demonstrated 
the pressure differential which exists between arterial and venous 
circulation. 
Jean Leonard Marie Poiseuille, who in 1842 empirically derived the 
fundamental relationship between pressure and steady laminar flow of a 
Newtonian fluid through cylindrical tubes, is also credited with 
pioneering use of U-tube mercury manometers to measure blood pressure. 
To minimize observer error in reading mercury columns, Carl Ludwig (iB^Y) 
invented the kymograph to make graphic records of blood pressure. 
Unfortunately, although mercury manometers standardized measurement. 
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they were restricted to measuring mean pressure. Consequently, many 
efforts were made to develop rapidly responding systems which could 
follow the fluctuations of blood pressure. 
Marey (1881) reported a mechanical pressure gauge developed some 
twenty years earlier by him and Chaveau. Pick (l86^) was also among the 
earlier workers who developed mechanical methods of blood pressure 
measurement. These mechanical systems, although perfected to a high 
degree, were still found lacking in their dynamic response. In 1903 Frank 
introduced his mechano-optical system which signalled the demise of direct 
writing mechanical manometers. Geddes (1970) traced the history of blood 
pressure manometry from early direct instruments to modern electro-
optical, capacitive, inductive and resistive transducers used in blood 
pressure manometry. Resistive transducers in the form of strain gauges 
coupled with allied electronic recording instruments are the most widely 
used modern instruments. 
Lambert and Wood (19^7) first reported the use of strain gauges to 
detect blood pressure. They demonstrated the versatility of their 
instrument by comparing it to a Hamilton manometer. To check capabilities 
of strain gauge manometers, Lambert and Jones (1948) tested the frequency 
response of a + 78O mm pressure transducer coupled to a variable frequency 
sinusoidal hydraulic pressure generator by various size catheters. The 
records presented by these investigators were paramount in establishing 
the acceptability of strain gauge transducers in blood pressure manometry. 
Among the advantages these transducers offer are small volume displace­
ments which allow the use of reasonably long, small-bore catheters, fairly 
low fabrication cost, and large conversion efficiency. Commercially 
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available instriments have reached a high degree of perfection and are 
available in a wide range of sensitivities and response times. 
Blood flow measurement has always proven more difficult than blood 
pressure measurement. A major drawback to most older methods was that 
they measured only mean flow, and many were unsuitable because they 
introduced disturbances in normal flow patterns. The nature of. these 
difficulties is most evident in the tremendous preponderance of 
instruments developed to solve the problem; in I963 Kramer et al. dis­
cussed these numerous instruments and methodologies. Two fairly modern 
methods which reduce these problems are electromagnetic and ultrasonic 
flowmetry. 
In a short note Fabre (1932) reported electromagnetic recording of 
variations in blood flow in cannulated vessels. Kolin (1936) and 
Wetterer (1937) independently demonstrated the use of electromagnetic 
induction as a method for measuring flow in blood vessels. In succeeding 
decades Kolin was the major contributor to further development and re­
fining of the procedure. He introduced the a-c modification to replace 
the d-c method which was described and used earlier (Kolin, 19^1). Since 
then electromagnetic flowmetry has been improved and exists as the most 
common method available to measure pulsatile flow. 
The early sine wave driven a-c systems were plagued with a rather 
difficult problem. This problem, a spurious voltage commonly called 
the "transformer emfwas caused by electrode leads, electrodes, and 
the vessel segment lying between them forming a transformer loop. 
Numerous designs have been achieved which cancel the "transformer emf" 
and Wetterer (1963) discusses many of these solutions. Denison and his 
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colleagues (1955) avoided the sine wave and used square wave energization 
instead; unfortunately, their design fell short of its mark because the 
sampling period turned out to be longer than was first anticipated and 
a small "transformer emf" still appeared. Modern sine wave instruments 
with automatic quadrature rejection possess low power and high signal-
to-noise ratio, thus reducing former advantages of square.wave instru­
ments. Pulsed systems which have been introduced offer the advantages 
of low power arid little interference when several probes must be used 
in close proximity. Now that "cannula" probes, perivascular or cuff 
probes and intravascular or catheter probes have been designed, the 
investigator enjoys a wide latitude of choice of flowprobes. 
Two types of ultrasonic devices have been developed to measure 
blood flow. The basic sensing device of both can be designed in similar 
ways to electromagnetic probes. The first type of ultrasonic device to 
be developed, transit time technique, depends upon detecting the 
difference in time taken by an ultrasonic beam to pass in one direction 
as opposed to time taken to go in the opposite direction. The second 
device functions through detection of frequency of sound waves scattered 
by moving particles (proteins, cells) in the blood. 
In 1961 Franklin and his co-workers introduced the Doppler ultra­
sonic flowmeter. Unfortunately, these early instruments could not detect 
flow direction; McLeod (1967) designed an instrument which apparently 
solved the problem. However, a serious question arose concerning 
directionality in his instrument ; i.e., what did positive and negative 
outputs represent? To overcome this hurdle, single crystal pulsed 
flowmeters were developed (Peronneau et al., I969) in which the crystal 
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acted as both transmitter and receiver of sound. This method holds tre­
mendous possibilities for development in the next few years. Recently 
the Doppler instrument has gained wide popularity because it can be used 
transcutaneously on blood vessels close to the surface. 
Stewart (l897) first used an indicator-dilution method for measuring 
cardiac output. In 1913 Henriques reported use of the single injection 
method, and he derived the formula which is followed today. The indicator-
dilution method, and especially the single injection technique, has found 
widespread acceptance in cardiovascular laboratories. Numerous materials 
have been used as indicators and many different analytical techniques 
have been employed to measure the dilution (Guytcn et al., 1973). Heat 
as an indicator was introduced by Fegler in 1953 but was immediately 
criticized because of possible heat exchange between the blood and heart 
and other tissues. The method became more popular after it gave results 
compatible with those obtained from other indicator methods and direct 
Pick principle methods (Goodyer et al., 1959)• 
Hemodynamics in Select Invertebrate Groups 
When comparing invertebrate hemodynamic literature to that of 
mammals, invertebrates fare badly; in effect, literature concerning 
circulation in invertebrates is mostly anatomical description and 
pharmacology and electrophysiology of the heart. Martin and Johansen 
(1965) pinpoint a serious problem confronting a reviewer of invertebrate 
hemodynamic literature: "Such work as has been done suffers either from 
the use of animals in poor condition or from having been reported in such 
a way that the conditions are undescribed. Too often only a portion of 
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the data is obtained in the investigator's own work and is combined with 
values from studies found in the literature, often obtained by employing 
other species and different temperatures. Extensive generalizations 
cannot be erected on the basis of such reports." Older literature con­
taining blood pressure and blood flow data was summarized by Martin and 
Johansen (1965). More recently, Prosser (1973) and Martin (l97^) included 
some hemodynamic data in their works. Many hemodynamic parameters have 
been tabulated in the Handbook of Respiration and Circulation (Altman and 
Dittmer, 1971). 
Annelida 
The general annelid circulatory system is a closed one and is com­
prised of dorsal and ventral longitudinal vessels connected in each seg­
ment by commissures. In many anterior segments the connectives enlarge 
and pulsate and are called hearts. The usual direction of flow is 
anteriorly in the dorsal vessel driven by peristaltic waves along that 
vessel, and posteriorly in the ventral vessel. Modifications of this plan 
can be followed in Meglitsch (1967). 
Johansen and Martin (19^5) succeeded in measuring the pressure 
gradient existing between large vessels of a giant earthworm, Glossoscolex 
giganteus. With the animal at rest, average systolic pressure of dorsal 
vessels was 2h cm H^O and average diastolic pressure was l4 cm H^O; the 
ventral vessel at rest showed a systolic pressure of 4^-90 cm H^O and a 
diastolic pressure of 30-70 cm H^O. During activity pressures in both 
vessels rose markedly; in the dorsal vessel, systolic pressure elevated 
to 4o cm HgO and in the ventral vessel both systolic and diastolic 
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pressures frequently rose above 100 cm H^O. Most other published pressure 
measurements were obtained from the coelom (Prosser, 1973)• 
Although no actual flow data has been obtained in these worms, older 
literature contained scattered reports of rate of propagation of the 
peristaltic wave along the dorsal vessel. In Lumbricuius variegatus this 
wave travelled at a rate of 0.50-0.85 mm/sec (von Haffner, 1927). A more 
rapid rate of propagation, 20 mm/sec, was seen in Lumbricus sp. and Nereis 
I 
sp. (Clarke, 192?). ' 
Arthropoda 
The arthropod circulatory system is characterized as open with the 
body organs bathed by fluid in a new vascular space of mesodermal origin, 
the hemocoel. The heart is tubular and located dorsally in a pericardial 
space. Hemolymph leaves the heart by way of arteries which then give 
rise to the hemocoel sinuses. Hemolymph returns to the pericardial space 
and enters the heart through several paired openings, the ostia. In a 
phylum as large and diverse as that of the arthropods, many variations of 
this central theme are found: Jones (1964) and Wigglesworth (1972) 
detailed circulation in Insecta; Maynard (1960) presented a comprehensive 
review of circulatory details in Crustacea; and Kaestner (1967) discussed 
circulation in other classes. 
While there is a tremendous body of literature covering many aspects 
of cardiovascular function in insects, little of it is hemodynamic in 
nature. Jones (1964) gives fairly extensive coverage to the topic in his 
chapter in Physiology of the Insecta, Volume 3. 
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For years the work of Btirger and Smythe (1953) was the most widely 
quoted study of hemodynamics in Crustacea. In the lobster, Homarus, 
they observed a flow velocity of 3-5 mm/sec at rest; this increased to 
50 mm/sec during abdominal flexion. They also reported intraventricular 
pressures of 9-22 mm Hg and a cardiac output of 10-30 ml/min. Redmond 
(1955) computed the cardiac output of Panulirus using Pick principle 
and obtained a value of 60 ml/min for a 750 g animal (equivalent to 
80 ml/kg/min). More recently, Johansen et al. (1970) obtained a value 
of 29 ml/kg/min in the crab. Cancer magister. Blatchford (l97l) recorded 
blood pressure in several areas in the shore crab, Carcinus maenas. 
Ventricular pressures showed a peak at systole of l4 cm H^O, and pressure 
in this area was consistently above the general sinus pressure. The 
lowest pressures existed in the branchio-pericardial areas. Fyhn et al. 
(1973) have revealed an anomaly in open circulatory systems. In the 
Pacific gooseneck barnacle, Polli'cipes polymerus, pulse pressures of 
70 cm HgO and mean pressures of 25O cm H^O were commonly found in the 
hemolymph. The pulsations were distinctly rhythmical and the rate was 
highly temperature dependent. Those results suggested that in this group 
of cirripeds, the order Thoracica, a functional heart existed. 
Stewart and Martin (l97^) have examined blood pressure relationships 
in the tarantula, Dugesiella hentzi, and have found remarkably high 
pressures. These pressures averaged 22/13 mm Hg [28.6/16.9 cm H^o]. 
Pressures of k0-60 mm Hg [52-98 cm H^o] were measured in the prosoma and 
legs during walking; blood delivery through the pedal arteries probably 
continued at this level. 
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Little attention has been given to hemodynamics in other Arthropod 
groups. 
Mollusca 
The circulatory systems of Mollusca may be separated into two 
distinct series: an open circulation as seen in most members of the 
phylum and the secondarily closed system found in cephalopods. In both 
cases hemolymph passes through a linear sequence of vessels (Hill and 
{ 
Welsh, 1966); blood from ctenidia, kidneys and venous sinuses (or vena 
cava) pass into atria, then into the ventricle which actively pumps it 
through aortae. Atria number four, two or one with a general rule being 
an atrium per ctenidium. Four atria are seen in the Monoplacophora and 
tetrabranch cephalopods. A pair of atria are found in the Pelecypoda, 
some of the more primitive gastropods including Haliotis and the dibranch 
cephalopods. The rest of the phylum generally have one atrium. Details 
of circulatory systems can be obtained from many sources (Fretter and 
Graham, 1962; Hill and Welsh, 1966; Hjraian, I967 and Kaestner, 1967). The 
most comprehensive description of circulation in Haliotis is located in 
the work of Crofts (I929). This study described the anatomy of Haliotis 
tuberculata but Cox (1962) contended that the other Haliotidae differ 
little in their basic circulatory anatomy. 
Brand (l972) worked out pressure relationships in the clam, Anodonta 
anatina. Pressure recordings were made from the ventricle, auricle, 
pericardial cavity and pedal hemocoel at rest and during burrowing. 
Ventricular systolic pressure was 2-4 cm H^O in the resting animal and 
increased to 6-10 cm HgO in the burrowing animal. The behavior of 
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auricular and pericardial pressures during ventricular systole supported 
the constant-volume (volume-compensating) mechanism for filling of the 
heart. Early measurements of blood pressure in gastropods by Picken 
(1936) for Limnaea sp., Jullien and Ripplinger (1953) and Chadwick (1962) 
for Helix sp. lack important methodological details. More recently, 
Jones (1970 and 1971) measured pressures in the pericardium and heart of 
Patella vulgata and Helix pomatia and confirmed a constant-volume theory 
for cardiac filling in both species. Jones recorded a ventricular 
systolic pressure of 5 cm H^O with a pressure gradient of approximately 
3 cm HgO in Patella. In Helix, Jones measured a ventricular systolic 
pressure of 24 cm HgO and an auricular diastolic pressure of 5 cm H^O, 
giving a pressure gradient of 19 cm H^O between the pulmonary vein and 
aorta. 
The closed nature of the circulatory system in cephalopods permits 
them to generate fairly high circulatory pressures; systolic values of 
60 cm HgO and diastolic values of 30 cm HgO have been reported for 
Octopus dofleini (Johansen and Martin, 1962). In the same species a 
stroke volume of 17-40 ml was obtained giving a cardiac output of 
6.6-20.5 ml/kg/min^ 
Chordata (Ascidiacea) 
The ascidians have open circulatory systems and tubular hearts 
which form one side of a triangle. The system has the peculiar physio­
logical property of being able to reverse the direction of beat and thus, 
of blood flow. 
Ih 
Goddard (1973) succeeded in measuring pressures in the anterior 
tunic vessel and the cardiovisceral vessel of the ascidian, Pyura 
praeputialis. A pressure of 30 mm H^O was "built in the direction of 
heartbeat, while at the opposite end a pressure of -7 mm H^O was detected. 
The positive pressure was due to activity of the adjacent half of the 
heart; with reversal of "beat these pressure relationships were essentially 
inverted. 
Hemodynamics in Fish 
Although fish are vertebrates with closed circulatory systems, they 
are of some interest because they are aquatic and have the major elements 
of their circulatory system designed on a linear, single circuit pattern. 
Most measurements of cardiac output in teleost fish fell into the 
15-30 ml/kg/min range whereas those for some species of elasmobranch were 
in the region of 25 ml/kg/min (Randall, 1970). Blood pressure was fairly 
high; in the lingcod, Ophiodon elongatus, systolic pressure in the bulbus 
arteriosus was 40 mm Hg while the diastolic pressure was 25 mm Kg (Stevens 
et al., 1972). Blood flow in the ventral aorta was related to three 
phases of the cardiac cycle: a rapid increase in flow followed the 
ventricular contraction; a rapid decrease in flow occurred as the ven­
tricle relaxed; and finally, a slow decline in flow was observed as the 
bulbus arteriosus decreased in size (Randall, 1970). 
Current Models Used in Hemodynamics 
Workers in mammalian hemodynamics have developed the ability to 
measure blood pressure, flow and vessel dimensions fairly successfully. 
Currently four levels of modeling are available to these workers in 
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their studies of synthesis of "whole" circulation (Skalai, 1972). These 
models and their present utility are: 
1. pure resistance, developed hy Poiseuille (l842), finds utility 
in describing slow variations of mean blood pressure and the elasticity 
of microcirculation. This model describes for any vascular bed, the 
resistance as being equal to the pressure drop AP divided by the flow Q,. 
Usually AP is the difference between arterial and venous pressures. 
2. Windkessel (Frank, 1899)5 used in analog modeling and permits 
the derivation of stroke volume from aortic pressure. Otto Frank proposed 
that the elastic behavior of arteries be modeled by a single elastic 
chamber (Windkessel) and 
where k is the elastic modulus of the Windkessel and P, E and Q, are the 
pressure, resistance and flow in the system. This model takes into 
account differential inflow and outflow and time-dependent pressure. 
3. distributed, linear model (Womersley, 1957; McDonald, 1960), 
permits input impedance studies and computation of flow from pressure 
gradients, as well as space and time distribution of pressure and flow. 
Linearized models are analagous to PiC circuits in electricity. The 
basic equations of Womersley and McDonald are: 
Q = l/k(dP/dt) + P/R (1) 
àP/àz = -RQ - OQ/àt)L (2)  
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and 
ÔQ/àz = -GP - OP/ôt)C (3) 
where z is the distance measured axially along the blood vessel, t is 
time, R is the hydraulic resistance, L is fluid inertia (analogous to 
electrical inductance), C is compliance (analogous to electrical 
capacitance), and G is a term which has as its analog electrical shunt 
conductance. In this model pressure and flow are analogous to voltage 
and current in an electrical transmission line. 
4. distributed, non-linear model (Lambert, 1958), useful for 
accurate pressure and flow wave form analysis. Non-linear models, while 
an advance in modeling, are still rudimentary. Present theories are 
one-dimensional in their treatment of blood. 
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MATERIALS AND METHODS 
Handling 
All àbalone -ascd in this study were obtained from Pacific Bio-Marine 
Supply Company, P.O. Box 536, Venice, California 90291. While this study 
was essentially one on pink àbalone, Haliotis corrugata, occasional speci­
mens of southern green àbalone, Haliotis fulgens, and white ab alone, 
Haliotis sorenseni, were also received and used. A shipment contained 10 
to 12 animals which were individually packed in bags of seawater. Five or 
six bags were then placed in a styrofoam chest and were kept cold by ice 
packs. The chests were air-freighted to Des Moines, Iowa. Immediately 
upon arrival in Des Moines, the chests of animals were transported by road 
to Ames, Iowa and were unpacked. Animals were always in transit less than 
12 hours. 
After being unpacked the new arrivals were placed in a 150 gallon 
Instant Ocean aquarium (Aquarium Systems, Inc., 33208 Lakeland Boulevard, 
Eastlake, Ohio 4409^). Artificial seawater in this tank was kept at a 
specific gravity of 1.025-1.030 and at a temperature of 15°C + 1°C. Before 
subjecting the animals to any experimental procedure, a lag period of one 
week or more was observed to. permit culling of any ab alone judged to be in 
poor physical condition. 
While there was no regular feeding system, the ab alone were observed 
ingesting algal growth adhering to the sides and bottom of their aquarium. 
Apart from this source of nutrition, seaweed obtained from other marine 
shipments was occasionally offered to the animals as their only other food. 
Although the ab alone were sustained for long periods under these conditions, 
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some physical deterioration did occur, most notably in the gonads. 
Anatomical Studies of the Blood Vascular System 
Animals in poor physical condition and some animals killed during 
surgical procedures were used in various anatomical studies of the blood 
vascular system. These studies were of three types: 
1. injection of the vascular system followed by fixing and 
dissection. 
2. injection of the vascular system followed by fixing and clearing. 
3. injection of the vascular system followed by digestion of the 
tissue leaving a corrosion model. 
In the first two studies the method of injection was a modification 
of that of Wolfe (1956). Injection medium containing 170 ml of water, 
20 g of gelatin and 60 g of barium sulphate was prepared. This injectate 
was freshly concocted and was kept at 4o°C in a water bath before use. 
The dead abalone, carefully removed from its shell, was placed in a plastic 
bag and was warmed to 30-35°C in a water bath. Next the specimen was 
cannulated. Cannulae were made from 20 gauge hypodermic needles fitted 
with short pieces of polyethylene tubing at the tips. A cannula was tied 
into the distal end of the right efferent ctenidial vein. A warm (35-^0°C) 
50 ml, disposable polyethylene syringe was filled with the injectate and 
then was attached to the cannula. The barium sulphate-gelatin mixture was 
injected slowly into the specimen. After injection the carcass was placed 
in cold seawater in a refrigerator to permit hardening of the mixture. 
Next the specimen was fixed in 10^ formalin. 
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The basic preparation outlined above was common to "both dissected 
and injected specimens. At this point animals could be dissected using 
Crofts' work (1929) as a general guide. 
Those specimens to be cleared were washed for at least 6 hours in 
cold running water and then were bleached in 37% hydrogen peroxide for one 
day. Following a second washing the fixed, bleached carcasses were 
dehydrated and cleared in the solutions listed below: 
1. alcohol 70^: under vacuum, two days. 
2. alcohol 95%; under vacuum, two days. 
3. alcohol absolute: under vacuum, two days. 
4. alcohol absolute-benzene 1:1: under vacuum, two days. 
5. benzene: under vacuimi, four days. This step was repeated. 
6. methyl salicylate 65%, benzyl benzoate 35%. 
The specimens were stored in the .latter solution and attained maximum 
transparency in two days. 
The corrosion models of the vascular tree in the abalones were pre­
pared using Batson's #17 anatomical corrosion compound (Polysciences, Inc., 
P.O. Box h, Rydal, Pennsylvania 19046). The method outlined in the manu­
facturer's data sheet #105 was followed for preparing the injectate. 
Specimens were cannulated as before except in a few cases where cannulation 
took place in the anterior aorta. 
The animals were placed under cold seawater and were injected with 
the prepared corrosion compound. The injected specimen remained several 
hours in water to allow the plastic to set. After the plastic had 
hardened, maceration was carried out either in 2M0 potassium hydroxide or 
in commercial liquid bleach. Maceration usually took from 2h to 36 hours. 
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At the end of this period the corrosion model was carefully removed from 
the maceration solution, was rinsed with a few changes of distilled water 
and was allowed to dry before being photographed. 
A Polai'oid MP-3 copy camera fitted with a 127 nm lens was used to 
make negatives for black and white photographs. The film used was Pola­
roid type 105 positive/negative film. The cleared specimens were shot 
with the normal 4^° illumination of the MP-3 copy stand. The corrosion 
models had green back lighting and a single electronic flash placed to 
one side. 
Preparation of Animals for Physiological Measurement 
A portion from the left posterio-lateral area of the shell usually 
about 6.0 X 1.5 cm was cut away with a high speed drill fitted with a 
diamond burr. This portion was then carefully freed from its only living 
attachment, a thin membranous area of the ventral mantle. Such a pro­
cedure allowed access to pericardium, considerable lengths of aortae and 
left efferent ctenidial vein. On a few occasions a more dorsal portion 
of the shell was removed to expose the right efferent ctenidial vein and 
the palliai artery. The above procedure, preliminary to both pressure 
and flow measurements, apparently caused the animals little distress. 
However, to avoid possible artifacts of trauma, shell removal was carried 
out 18 to 2h hours prior to any physiological measurement. 
All physiological experiments were conducted at 15°C + 0.5°C in a 
shallow Plexiglass aquarium which measured 59 x 3^ x 15 cm. This aquarium 
was actually the inner tank of a double water bath. The outer tank, a 
large 50 gallon aquarium filled with distilled water, contained the cooling 
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coil of a Blue M refrigeration unit. Such an arrangement possessed a 
mrnber of advantages. Firstly, the cooling apparatus was protected from 
direct contact with seawater and was electrically isolated from the 
measuring tank. Secondly, the use of a shallow measuring tank minimized 
the problems of compensating for effects of hydrostatic pressure. 
Animals with shell already prepared were weighed, were placed in the 
experimental tank, and were allowed to sit for several minutes before 
being subjected to physiological measurement. In most cases animals were 
placed ventral side up attached to a small plastic plate. From this 
position they made no effort to right themselves. 
Blood Pressure 
The following instruments were used to measure blood pressure: 
1. Statham physiological pressure transducers, models p23Gb and 
p23V= Both types are strain gauges and were fitted with miniature domes, 
Hamilton valves and appropriate catheters. 
2. A Beckman 4ll Dynograph recorder ^fith Type 9853A couplers, which 
provided the proper excitation and signal conditioning for the strain 
gauges. 
3. A water manometer which served as the standard against which the 
pressure transducers were calibrated. 
Before actual use on animals, suitable length catheters were em­
pirically derived for the pressure transducers. The length of catheter 
was obtained by subjecting a transducer-catheter combination to dynamic 
testing of the frequency response. This allowed choice of a catheter 
which gave fidelity of wave form reproduction as well as adequate damping. 
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The method of testing used here was a slight modification of that of 
Stegall (1967). An underwater loudspeaker was constructed from an inex­
pensive speaker and then was fitted with a conical plastic dome which 
permitted attachment of both a reference transducer and a transducer-
catheter combination. With this arrangement the frequency response of the 
transducer-catheter combination could be checked against the natural 
frequency response of a similar transducer. 
After carefully filling the loudspeaker dome, transducer domes and 
catheter with degassed water, frequency testing was initiated. In the 
early stages a Hewlett-Packard audiogenerator served as a signal source 
of sine waves. This instrument was of limited use because its lowest 
frequency was 20 Hz. In later stages a Wavetek model 111 signal generator 
was used to provide sine waves between 0.1 Hz and 30 Hz. 
Using this method, catheters composed of 95 cm P.E. 50 tubing 
(l.D. = 0.58 mm) and a $ cm portion of 23 gauge hypodermic needle (l.D. = 
0.33 mm, O.D. = 0.64 mm) were derived for the p23Gb's. However, the 
p23V's were fitted with 75 cm P.E. 50 tubing and 5 cm 23 gauge hypodermic 
needles. 
The importance of filling the transducer dome and catheter carefully 
with degassed water to prevent formation of even the tiniest gas bubble 
must be stressed. Such a presence will produce frequency distortion 
because of increased volume displacement, lowered resonant frequency and 
increased damping. Once a catheter-transducer combination was properly 
filled, it was used for an extended period. However, its integrity was 
checked periodically both by visual examination and by a dynamic test. In 
this dynamic test, the catheter was attached to the lower end of a rubber 
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tube partially filled with water. A pressure of 8 cm H^O was placed in 
the tube which was then subjected to sudden decompression. The resultant 
pressure trace was visually compared to that of a standard transducer-
catheter combination. 
The transducers were set on a rack and pinion device to permit their 
vertical adjustment during zero adjustment and calibration. Usually 
transducers were used in pairs to measure pressures in different areas of 
the vascular system simultaneously. Occasionally only a single transducer 
was used, and in a number of instances three transducers were utilized 
concurrently. Before measuring blood pressures, transducers always were 
calibrated against the water manometer by the procedure outlined in 
Dynograph 4ll instrument manual. During the course of these experiments 
three ranges of calibration were used: 0-5 cm EgO, 0-10 cm H^O and 
0-l6 cm HgO fullscale (i.e., per k cm chart). 
Once the transducers were calibrated, the catheters were slipped into 
those areas of the vascular tree to be sampled. No suturing was necessary 
because of the low pressure existing in the system. The following is a 
list of areas where pressure measurements were made: ventricle, anterior 
aorta just after it exits the pericardium, the left epipodial artery 
which represented a pressure just after the level of the cephalic arterial 
sinus, an afferent ctenidial vein, an efferent ctenidial vein at its 
entrance to the atria, and the pericardial chamber. In several cases 
pressure was recorded simultaneously with blood flow measurements. 
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Pulsatile Blood Flow 
Two different transducer systems were used to measure pulsatile blood 
flow. The first system consisted of an electromagnetic flowmeter (Bio-
tronix Laboratory BL-6IO flowmeter) fitted with various "cannula" probes. 
The second system consisted of a Parks Electronic Lab. Doppler flowmeter 
model 803 fitted with a transcutaneous flowprobe. The electromagnetic 
flowmeter was used to quantitate flow of blood passing through the anterior 
aorta. However, the Doppler flowmeter was used qualitatively to examine 
the contour of the.flow pulse in various areas of the arterial tree. Both 
flowmeters were always used in conjunction with pressure measurements in 
the aorta and the efferent ctenidial vein. 
The implantation of electromagnetic flowprobes necessitated major 
surgery on the animals. Carbon dioxide was used as a general anaesthetic 
(Lever et al., 1962). An anaesthetic bath was prepared by taking seawater 
at ambient temperature (22°C) and adding small pieces of dry ice until the 
seawater was saturated with carbon dioxide and the temperature was dropped 
to 15°C. At this point, an animal with the shell already cut was placed 
in the bath. A satisfactory level of anaesthesia was said to have been 
achieved when animals released their hold and stopped violent "clamping 
down" movements. This stage was reached in 3-0~3«5 minutes. Animals 
were then removed and placed on a shallow styrofoam tray which served as 
an operating table. 
A by-pass loop consisting of two sections of P.S. tubing attached to 
the appropriate flowprobe was then implanted into the anterior aorta. 
Several different combinations of by-pass loop and probe were tried: 
P.E. 320 tubing attached to an In Vivo Metric H-IC 2 mm probe, P.E. 2k0 
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tubing attached to an In Vivo Metric H-IC 1 mm probe and P.E. 2^0 tubing 
attached to BL 7013-E05 1.25 mm probe fitted with a plastic housing which 
converted it to a cannula probe. The by-pass loop was fitted with a P.E. 
50 T junction for attachment of the pressure catheter. Each section of 
tubing was filled with seawater and plugged at the end which would be 
attached to the flowprobe. 
Two sutures were placed around the aorta approximately 2.5 cm apart. 
First a slit was made in the aorta to implant the tube more proximal to 
the heart. The tubing was slipped into the aorta and was held in place by 
its suture. Next the distal tube was implanted by the same method. 
Because of the thin-walled nature of the aorta and its location, these 
procedures at times led to considerable bleeding and occasional damage to 
the underlying organs, especially while placing the suture for the proxi­
mal tube. Such conditions proved fatal in short order. 
Once the tubes were in place, the probe was attached. The animal 
was then rinsed with seawater to remove residual blood and was returned to 
the experimental tank. Monitoring the recovery of the animal began after 
attachment of pressure transducers. Once the animal recovered suffi­
ciently, the records obtained were deemed experimental data. 
The Doppler flowmeter, used in accordance with the manufacturer's 
instrument manual, measured the qualitative aspects of flow in the anterior 
aorta, the cephalic arterial sinus, and both sets of pedal arteries. This 
flowmeter was also used in conjunction with pressure measurements in the 
anterior aorta and xhe left efferent ctenidial vein. 
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Cardiac Output 
Cardiac output was measured by thermal dilution using a modification 
of the method first introduced by Fegler (1953)- A. copper constantan 
thermocouple with a time constant of 0.4 sec in still water was used as 
the temperature sensor, and blood drawn and warmed shortly before measure­
ment was used as the indicator. 
An abalone with the pericardium and aorta exposed was placed in the 
experimental aquarium and allowed to temperature equilibrate for at least 
0.5 hour. Next the measuring thermocouple was placed in the anterior 
aorta close to the exit of this vessel from the pericardial cavity. Also 
put in place at this time was a flexible hypodermic needle of a water-
jacketed syringe; the needle was placed in the left efferent ctenidial 
vein. Dead space of the needle-syringe combination was filled with sea-
water prior to final placement. 
After a further period of equilibration, blood was slowly drawn into 
the water-Jacketed syringe which was fitted with a clip to permit precise 
volume calibration in repetitive fillings. The freshly drawn blood was 
allowed 5 minutes to equilibrate with the water in the jacket (30°C). 
After this period the blood was injected rapidly into the efferent 
ctenidial vein and the temperature rise in the aorta was measured. 
Pulsatile pressure in the pericardium was monitored simultaneously 
with measurement of cardiac output. This permitted the selection of those 
curves which occurred when the heart was beating "normally." Monitoring 
this pressure also permitted calculation of heart rate and the subsequent 
calculation of stroke volume. The preceding sequence of events was 
repeated approximately every 15 minutes. 
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The equation of Hosie (1962) -was used to calculate cardiac output 
But: 
where Q, = cardiac output 
= volume injected (corrected for dead space) 
= density of injectate 
s^ = specific heat of injectate 
= density of blood 
s^ = specific heat of blood 
= temperature of injectate 
= temperature of blood. 
/ ï^dt = Af/r 
2 
where A = area of curve in mm 
r = recording paper speed in mm/min 
f = temperature calibration in °C/mm. 
Also: 
g = T. - Tb 
Then: 
Q = V^p^s^rS/p^s^Af 
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Since blood was used as the injectate, it was assumed that the differences 
in density and specific heat at and were small enough to be ignored. 
Thus the equation becomes; 
Q = V^r^/Af (8) 
However, the temperature of the injected fluid was not constant through­
out injection. This resulted from heat loss by the injected fluid as it 
passed through the tubing connecting the syringe and needle. An empirical 
constant k was introduced as a multiplier to account for changing tempera­
ture of injectate. This constant was found by measuring the temperature 
of injectate as it issued from the needle under conditions identical to 
the measurement of cardiac output. 
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RESULTS 
Anatomy of the Cardiovascular System 
The primary purpose of an anatomical study of the cardiovascular 
system of Haliotis corrugata was to locate major elements of the system to 
allow catheterization during physiological studies. However, in addition 
to this straightforward aspect of the investigation, an interesting feature 
of the system was revealed; i.e., the extent of small vessels (lacunae) 
comprising the delivery end of the system. This feature will be discussed 
along with basic description of the system. 
Dissections of both fresh and injected specimens were quite useful 
for locating the heart and large vascular elements (Figures 1 and 2). 
Injection and clearing of specimens also served this purpose (Figures 3 
and 4). Since the differential rate at which digestion of various organs 
took place caused models to break into several sections, it was difficult 
to prepare complete corrosion models. However, envisionment of major 
arterial elements was relatively simple and depending upon the degree of 
success of injection, terminal lacunae and venous sinuses were visible 
(Figures 5, 6, 7, 8, 9, and lO). 
The heart was located in a spacious pericardial chamber of a left 
posterio-lateral area of the viscera. There were three heart chambers: 
a single ventricle and a pair of auricles (Figure l). Auricles possessed 
thin, filmy walls. At their anterior ends, the auricles were attached to 
the pericardium while their free posterior edges were lined with peri­
cardial glands of Grobben. Auricles communicated with the ventricle by 
way of crescentric openings which were guarded by tricuspid 
Figure 1. Ventro-lateral view of the exposed pericardium of Haliotis 
corrugata showing ventricle (v), right and left auricles 
(A.r and A.l, respectively) and aortic "bulb (AOB). PC denotes 
the pericardial chamber. 
Figure 2. A more ventral view than in Figure 1. The wall of the aortic 
bulb (AOB.W) has "been cut away to expose the aortic pocket 
valve (AOV) and the ventral wall of the intestine (int). 
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Figure 3. Ventral view of the left half of an injected and cleared 
specimen of Haliotis corrugata. The aorta (AO) leaves the 
ventricle (V) and gives off several branches. Shown in this 
picture are the first visceral artery (VA.l), the second vis­
ceral artery (VA.2) and intestinal arteries (lA). The aorta 
then opens into the wide cephalic arterial sinus (CA) which 
gives off several branches including the posterior pedal 
arteries (PeA.p) and the ophthalmic artery (OA). Also pictured 
here is the left efferent ctenidial artery (EC.l) which returns 
hemolymph into the left auricle (A.l). 
Figure 4. Dorsal view of the specimen from Figure 3. All three heart 
chambers may be seen. In addition there axe three vessels 
carrying hemolymph back to the heart: the right palliai vein 
(PV.r), the left renal vein (RV.l) and the right efferent 
ctenidial vein (EC.r). These vessels enter the right auricle 
(A.r). The vessel which leaves the anterior end of the ventri­
cle, the median palliai artery (PA.m), is also shown. 

Figure 5- Dorsal view of a corrosion model of the posterior visceral 
circulation of Haliotis corrugata. BB represents the basi-
"branchial sinus, while EG is the hepato-genital vein and AC.l 
is the left afferent ctenidial vein. 
Figure 6. Ventral view of the model in Figure 5. The circulation of the 
pericardial wall (p) is shown along with the ventricle (V). 
the terminal intestinal circulation (In), the aorta (AO) and 
the first visceral artery (VA.l). 

Figure 7. Right lateral view of a corrosion model of cephalic structures. 
Uote the light area of the intestinal circulation (in), the 
area which represents many fine channels. CV is the cephalic 
venous sinus. 
Figure 8. A magnified view of the areas around the heart seen in Figure 6. 
PA is the pericardial artery and C represents a ctenidium in 
"Which the injectate had infiltrated the circulation of the 
ctenidial lamellae. 
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Figure 9» A scanning' electron micrograph of a corrosion cast made of 
the pedal circulation (x 125). 
Figure 10. Another scanning electron micrograph of a corrosion cast made 
of the pedal circulation (x 625). 
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aTiriculo-ventricular valves. 
In contrast to the delicate nattire of the auricular walls, the ven­
tricular wall was thick axid gave a spongy appearance. This wall was 
attached by muscle strands to the outer wall of the intestine which was 
concentric with the ventricular cavity from end to end. A blood vessel 
originated at either end of the ventricle; at the anterior end a small 
median palliai artery could be found which immediately curved to the 
dorsai surface between the two halves of the osphradium (hypobranchial 
gland). 
Inside the pericardial chamber at the posterior end of the ventricle, 
the aortic bulb (common aortic trunk) was found. Approximately one-third 
of the circumference of this vessel was attached to the intestine, while 
the other two-thirds formed the prominent bulb. The ventricular opening 
into the bulb was guarded by a single, large pocket valve (Figure 2). At 
the right dorsal extremity of this valve, the common aortic trunk gave 
rise to its first branch, the reno-intestinal artery. The common aortic 
trunk then exited the pericardium and gave rise to three branches before 
becoming the anterior aorta. The three vessels were the first visceral 
artery, the intestinal artery and the second visceral artery. 
The common aortic trunk made a right angled bend to become the 
anterior aorta (Figure 3)- The vessel then coursed along anteriorly, 
partly surrounded the radular sheath and increased its diameter as it 
approached the head. In this region of the body the anterior aorta fonaed 
the large, cephalic arterial sinus. From the anterior aorta several small 
branches projected to the esophagus, intestine, shell muscle and epipodium. 
Several branches extended from the cephalic arterial sinus to the foot. 
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epipodim and other cephalic structures. These "branches were paired 
posterior pedal arteries, paired external pedal and epipodial arteries 
and paired internal pedal and epipodial arteries. A valve was situated 
at the junction of these vessels with the cephalic arterial sinus. This 
valve prevented regurgitation of blood into the cephalic arterial sinus 
caused by muscular activity of the foot. The other branches of the 
cephalic arterial sinus were the paired ophthalmic, tentacular and buccal 
arteries. 
The main arteries gave secondary branches within various body organs; 
arterial branches then terminated in a lacunar system (Figures 5 and 6). 
The lacunar system proved to be quite extensive with anastamosing branches. 
In some areas of the body, most noticeably in the foot and portions along 
the gut (Figures 7, 8, 9 and 10), the lacunae approached vertebrate 
capillaries in size; i.e., their cross-section diameter was close to that 
of the surrounding cells. The lacunae had no endothelial walls. Rather, 
the walls were formed by the architecture of connective and other tissue 
elements in the various organs. In appearance corrosion models suggested 
an analogy to a sponge. 
Lacunae coalesced into venous sinuses which collected the hemolymph 
brought by the arteries to the organs. With two exceptions hemolymph from 
these sinuses passed through the right renal organ. From the right renal 
organ hemolymph passed into the basi-branchial sinus. The basi-branchial 
sinus gave rise to the right and left afferent ctenidial veins. After 
passing through vessels of the ctenidial lamellae, hemolymph passed into 
the right and left efferent ctenidial veins which then entered the right 
and left auricles. The two exceptions were the right palliai vein which 
42 
appeared to Join the right efferent ctenidial vein at its entrance to the 
auricle and a small sinus which connected the terminal parts of the 
intestine with the basi-hranchial sinus. 
Blood Pressure 
Pressure-wave relationships in the cardiovascular system. 
Blood pressure was measured in the following areas of the abalone 
cardiovascular system; ventricle, proximal portion of aorta, left anterior 
epipodial artery, right and left afferent ctenidial veins, right and left 
efferent ctenidial veins at their entrance into the auricles, and the 
pericardial chamber. Unsuccessful attempts were made to sample blood 
pressure in the cephalic arterial sinus and the pedal arteries. Pressure 
pulses were detected in all areas from which pressure was recorded. These 
pulses showed variations from animal to animal but demonstrated a shape 
characteristic of the particular area from which they were recorded. 
The ventricular pressure wave form could be divided into five parts 
(Figure ll). From the low point or diastolic pressure level, there was a 
slowly rising phase which occupied the first 30^ of pulse duration. This 
initial phase gave way to a rapidly rising phase which changed to a more 
slowly rising one until the peak or systolic pressure level was reached. 
For a short period afterwards, the pressure declined slowly, followed by a 
very rapid decline to the diastolic level. Typically the rate of pressure 
fall (-dP/dt) was greater than the rate of pressure rise (dP/dt). 
Unlike the "square-wave" shape of the ventricular pressure pulse, 
that of the initial segment of the aorta could be described as a skewed 
"triangular" wave (Figure 12), The aortic pulse also showed a distinct 
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Figure 11. The upper trace is a recording of left efferent ctenidial 
vein pressure of Haliotis corrugata #03. The lower trace 
is the simultaneous recording of ventricular pressure„ 
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Figure 12. The "upper trace is a recording of aortic press"ure in Haliotis 
corrugata #l6. The lower trace is the simultaneous recording 
of left epipodial arterial pressure. 
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incisura (dichrotic notch) on the downslope. In a major artery such as 
the left epipodial artery the pressure wave was more rounded, and the 
incisura was not a distinct notch (the incisura showing up as a change in 
slope of the wave form). 
The next site of pressure measurement was the afferent ctenidial 
veins. In these veins hemolymph had "been distributed to the tissues, 
collected and passed through the right renal organ and into the basi-
branchial sinus, thence to the afferent ctenidial veins. In these 
afferent ctenidial veins the pressure wave form was almost sinusoidal, 
with a slight break indicating the incisura (Figure 13). 
Pressure wave forms in the efferent ctenidial veins and the peri­
cardium were similar (Figure l4). The efferent ctenidial vein wave forms 
actually represented wave forms at the entrance to the auricles and could 
be described as distorted "ramp" waves. 
The efferent ctenidial wave was in phase with the pericardial wave 
but was 180° out of phase with the ventricular wave (Figure 11). When the 
pressure wave in the efferent ctenidial vein was compared to that in the 
aorta, the breakpoint of the efferent ctenidial vein wave (i.e., where 
there was a distinct change in slope) occupied the same temporal position 
as the incisura of the aortic pressure wave (Figure 15). In particularly 
sharp recordings a "negative" incisura could be seen in the efferent 
ctenidial wave form (Figure 16). 
The peak of the aortic wave occurred slightly after the peak of the 
ventricular wave (Figure 17). In comparing these two wave forms it was 
seen that during the slowly rising phase of the ventricular wave, the 
aortic wave was falling. The change from rapid rise to slower rise in the 
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Figure 13. The upper trace is a recording of left efferent ctenidial vein 
pressure in Haliotis corrugata #15. The lower trace is the 
simultaneous recording of right afferent ctenidial pressure. 
Preliminary measurements revealed that pressure in both 
right and left afferent ctenidial veins were equal and a 
similar situation held for the efferent ctenidial veins. 
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Figure l4. The upper trace is a recording of pressure in the left afferent 
ctenidial vein of Haliotis corrugata #03. The lower trace is 
the simultaneous recording of pericardial pressure. 
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Figure 15. The upper trace is a recording of left efferent ctenidial 
pressure in Haliotis corrugata #04. The lower trace is the 
simultaneous recording of aortic pressure. 
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Figure l6. The upper trace is a recording of left efferent ctenidial vein 
pressure of Haliotis corrugata #05. The lower trace is the 
simultaneous recording of aortic pressure. 
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Figure 17. The upper trace is a recording of the ventricular pressure of 
Haliotis corrugata #06. The lower trace is the simultaneous 
recording of aortic pressure. 
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ventricle had as its counterpart most of the rising phase of the aortic 
wave. The initial falling phase of the ventricular wave coincided with 
the fall of the aortic wave until the incisura was reached. At this 
point the ventricular wave fell rapidly while the aortic wave fell more 
slowly to its basal or diastolic level. 
Pressure waves in the epipodial artery and the afferent ctenidial 
veins essentially followed the aortic pressure wave by a phase angle 
which was dependent on the distance of these vessels from the aortic bulb. 
The magnitude of pressure drops 
In reporting pressures measured in the cardiovascular system, the 
following criteria were used to select values which were presented in this 
report: 
1. that the exact location of the catheter in the cardiovascular 
system had to be determined. This was relatively simple except in the 
early stages of the investigation when unfamiliarity with the experimental 
subjects caused catheters to be erroneously placed. For this reason 
pressure measurements for four animals had to be eliminated. 
2. that the nutritional and metabolic states of the animals were at 
a normal level. These animals were all adults in which gonads contained 
mature oocytes and spermatozoa. Blood pressure values of two animals were 
removed from the experimental pool because these animals were severely 
underweight with advanced atrophy of the foot, gonad and viscera; one of 
these animals also had large necrotic spots in the palliai region. 
3. that the animal was unrestrained and behaved "normally" during 
pressure measurements. A useful index in this respect was the strength of 
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attachment of the foot and the rapidity of a "clamping down" response to a 
stimulus such as touch or light. 
For a cardiovascular system to function, i.e., to maintain blood 
flow, a heart must create a sufficient pressure drop to overcome hydraulic 
resistance. Evaluation of this pressure drop represented a primary aspect 
of hemodynamic studies. In the pink abalone, the pressure drop across the 
heart was obtained by measuring pressure in the initial segment of the 
aorta (representing the outlet pressure from the heart) and by measuring 
pressure in the posterior segment of the efferent ctenidial veins (repre­
senting the inlet pressure into the heart). The values reported here 
were those recorded at least ten minutes after catheterization or until 
the pressure had stabilized and the animal behaved "normally." Table 1 
summarizes these pressures from eleven animals while Table 2 contains 
information on each of the eleven animals. 
In no other area of the pink abalone cardiovascular system were as 
large a number of measurements taken. Three recordings at most were made 
in the ventricle, pericardium, afferent ctenidial vein and left anterior 
epipodial artery; therefore, no attempt was made to analyze these few 
measurements statistically. Rather, they were reported as they related 
to either aortic and/or efferent ctenidial pressures which were recorded 
simultaneously with them. These results can be seen in Table 3-
In most animals blood has as one of its primary functions the trans­
port of oxygen. For this to occur blood must come into intimate contact 
with tissues at two basic sites: firstly, a site of oxygenation and 
secondly, sites of oxygen delivery. The ctenidia represented the primary 
site of oxygenation of blood in Haliotis corrugata. The pressure drops in 
Table 1. Summary of aortic and efferent ctenidial vein blood pressures for eleven specimens of 
Hallotis corrugata 
Aortic pressure (cm H^O) Efferent ctenidial vein pressure (cm H^O) 
Systolic Diastolic Pulse^ Mean^ Systolic^ Diastolic^ Pulse Mean 
8.8 5.9 3.3 7.4 2.0 1.1 1.0 1.9 
+ 0.1^ + 0.2 + 0.2 + 0.1 + 0.5 + 0.9 + O.h + 0.4 
^Pulse pressure = systolic pressure P^ - diastolic pressure P^. 
-
"2 
"Mean pressure P =/ Pdt/ttg - t^). 
Systolic and diastolic pressures in the efferent ctenidial vein are representative of those 
pressures in the auricles and they occur at opposite times to systolic and diastolic pressures in 
the ventricles and aorta. 
Standard deviation of the mean Sx. 
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Individual aortic and efferent ctenidial vein blood pressures for eleven specimens of 
Haliotis corrugata summarized in Table 1 
Aortic pressure (cm H^O) Efferent ctenidial vein pressure (cm H^O) 
Systolic Diastolic Pulse Mean Systolic Diastolic Pulse Mean 
8.4 
9.3 
8.3 
8.3 
7.5 
7.5 
9.4 
8.6 
10.7 
9.8 
5.3 
6.8 
5.1 
4.8 
4,5 
5.1 
7.0 
5.9 
6.9 
6.5 
3.1 
2.6  
3.2 
3.5 
3.0 
2.4 
2.4 
2.8  
3.8 
3.3 
7.0 
8.0 
6.9 
6.7 
6.1 
6 . 2  
8.1 
7.3 
9.3 
8.5 
0.5 
3.4 
1.7 
1.6 
3.3 
2.5 
2 .0  
2.4 
0.9 
0.0 
2.7 
0.9 
0.6 
2.1 
0.9 
1.1 
1.0 
0.2 
0.5 
0.7 
0.8 
1.1 
1.2 
1.5 
0.9 
1.4 
0.7 
0.4 
3.1 
1.6 
1.5 
3.0 
2 . 2  
1.8 
2 . 2  
0.8 
Table 3. Ventricular, pericardial, epipodial artery and afferent ctenldial vein pressure 
measurements of Haliotis corrugata 
Animal Area Pressure (cm H^O) Remarks 
number 
Systolic Diastolic Pulse 
03 ventricle 8.9 
efferent ctenidial 3.8 
06 ventricle 7.6 
aorta 7-5 
15 pericardial 1.9 
efferent ctenidial 2.0 
16 aorta 8.6 
afferent ctenidial 5 • 0 
16 aorta 8.7 
left epipodial artery 6.5 
16 afferent ctenidial 4.7 
efferent ctenidial 2.Û 
18 aorta 10.7 
afferent ctenidial h.2 
efferent ctenidial 0.9 
3.8 5.1 aortic pressure had 
3.3 0.5 been monitored pre­
viously 
1.2 6.k 
4.5 3.0 
0.9 1.0 
1.1 0.9 
5.8 2.8 two catheters were 
4.8 0.2 repositioned to sam­
ple pressure in 
various areas 
5.8 2.9 
5.1 1.4 
4.4 0.3 
1.0 1.4 
6.9 3.8 measured simul-
4.0 0.2 taneously 
0.2 0.7 
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an animal must be distributed such that adequate oxygenation of blood and 
the subsequent distribution of oxygen to tissues takes place. Figure l8 
was a simultaneous recording of pressures in the aorta and afferent and 
efferent ctenidial veins; these pressures represented the drop across both 
the ctenidia and the rest of the body. When the percent pressure drop 
was plotted against the percent distribution of body mass, approximately 
hc^o of the pressure drop occurred across approximately k'fo of the body 
mass (Figure 19). 
Relationship of aortic pressure to wet weight, shell length and sex 
The relationship of aortic systolic and diastolic pressures to wet 
weight, shell length and sex was evaluated. In all three cases there was 
low correlation. When aortic systolic pressure was examined for its 
correlation with wet weight, the correlation coefficient was 0.252; a 
similar examination of wet weight and aortic diastolic pressure yielded 
a correlation coefficient of 0.405. When aortic systolic and diastolic 
pressures were plotted against wet weight, they demonstrated much scatter 
from the regression line (Figure 20). 
A similar situation existed for the relationship between aortic sys­
tolic and diastolic pressures and shell length. In these cases the corre­
lation coefficients were 0.266 and -0.25^ respectively. In Figure 21 
aortic systolic and diastolic pressures are plotted against shell length; 
as before, there is much scatter from the regression line. 
The relationship between sex and aortic pressures could not be 
ascertained statistically because of the small sample size of the female 
pool (two individuals). However, it must be noted that the highest 
Figure l8. The upper trace is a recording of left efferent ctenidial 
vein pressure in Haliotis corrugata #l8. The middle and 
lower traces are simultaneous recordings of left afferent 
ctenidial vein pressure and aortic pressure respectively. 
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Figura 19. Distribution of pressura drop in the otanlala (small area to right) and the rest of the 
body (large area to left) as a function of body wet weight. 
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Figure 20. Aortic pressures of Haliotis corrugata as a function of body-
soft wet weight. The linear regression of systolic pressure 
and wet weight is 
y = 0.0034% + l.h 
while that for diastolic pressure and wet weight is 
y = O.OO5IX + 3.8. 
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Figure 21. Aortic pressures of Haliotis corrugata as a function of shell 
length. The linear regression of systolic pressure and shell 
length is 
y = -0.055x + 17.1 
while that for diastolic pressure and wet weight is 
y = -0.048x + 13.1. 
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recorded aortic systolic and pulse pressure belonged to a female. The 
other female had systolic and diastolic pressures which were just below 
the average. 
Behavior of animals during pressure measurement 
During experimentation animals demonstrated an ability to reduce 
their blood pressure significantly and under severe conditions of stress, 
they ceased heart beating for considerable periods (over 9 minutes in one 
animal). This type of behavior generally occurred in response to pene­
tration of the aorta or ventricle by the catheter. Apparently, this was 
a nervous response to trauma because it occurred less frequently in later 
stages of the study. In earlier stages, the animals were subjected to 
considerable handling and manipulation because of investigator unfamiliar-
ity with the anatomy of the subjects. Figure 22 diagrams the pressure 
variations which took place in one animal when the aorta was penetrated. 
Penetration of blood vessels was generally followed by a "clamping down" 
action, fall in blood pressure and then a slow rise to normal blood 
pressure levels. 
During the course of recording pressures, animals sometimes "clamped 
down," thereby producing pressure surges. These surges were of equal 
magnitude in both aorta and efferent ctenidial veins (Figure 23). There 
were also slow rhythmic changes in pressure; these changes had a 
periodicity of 0.5-1.0 minutes. 
During measurement of afferent ctenidial vein pressure, animals 
invariably constricted the portion of the ctenidial vein into which the 
catheter was placed and negative pressures were recorded. Later the 
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Figure 22. Systolic and diastolic pressure of Haliotis corrugata #25 as 
a function of time. The animal responded to the insertion of 
the catheter by creating a pressure surge, then lowering its 
blood pressure before finally allowing it to stabilize. 
6k 
I mm 
Figure 23. The upper trace is a recording of left efferent ctenidial 
pressure of Haliotis corrugata #07. The lower trace is the 
simultaneous recording of aortic pressure. 
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animal opened the occluded section of the afferent ctenidial vein 
and attençted to rid itself of the obstruction in the ctenidium 
(Figure 24). After 15 to 20 minutes the animal pumped blood at "normal" 
pressures. 
Another interesting observation was the response of blood pressure 
to changes in light intensity. Turning room lights on and off caused 
marked transient changes in pressures (Figure 25). The response to "off" 
was much more pronounced than the response to "on." 
Blood Flow Measurements and their 
Relationship to Blood Pressure 
An inordinate amount of difficulty was experienced in making flow 
measurements. With the Doppler flowmeter these difficulties were essen­
tially three. Firstly, the flowprobe was a transcutaneous one, thus 
preventing the flowmeter from being used quantitatively. Secondly, the 
large diameter of the probe head (5 mm) caused alignment problems when the 
probe was used in conjunction with pressure catheters. Lastly, the 
flowmeter was incapable of measuring flow direction. The problems with 
the electromagnetic flowmeter were of a completely different sort. 
Numerous animals failed to recover from surgical implantation of the 
electromagnetic flowprobes. Only two animals recovered sufficiently to 
permit measurement of pulsatile flow with this type of flowmeter. These 
problems notwithstanding, a fair amount of useful information was 
gathered. 
The Doppler flowmeter was used to examine the qualitative aspect of 
hemolymph flow in the aorta, external pedal arteries, anterior pedal and 
epipodial arteries and the first visceral artery. Flow was demonstrated 
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Figure 2h. The upper trace is a recording of left efferent ctenidial vein 
pressure of Haliotis corrugata #l6. The lower trace is the 
simultaneous recording of right afferent ctenidial vein pres­
sure. In the latter the animal responded by occluding the 
vein, then ty trying to dislodge the catheter. Later blood 
flowed normally through the vein. 
Figure 25. This trace is a recording of aortic blood pressure in Haliotis corrugata #07. Arrow X 
represents the point at which room lights were turned on and is followed by a marked 
transient increase in pressure. Arrow Y marks the point at which room lights were turned 
off. This action also is followed by a marked transient increase in pressure. 
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to be pulsatile in all these "blood vessels. It should be pointed out that 
the external pedal and the anterior pedal and epipodial arteries are 
branches of the cephalic arterial sinus. Figure 26 contains a flow 
recording made from the initial segment of the aorta, while Figure 27 
contains one made from the external pedal artery. In both figures pres­
sure recordings from the initial segment of the aorta and from the left 
efferent ctenidial artery are also included. 
Blood flow measured by the electromagnetic flowmeter cannot be 
considered normal. Firstly, the flowprobe and its cannula loop introduced 
an additional resistance into the blood system. Secondly, in neither 
animal in which flow measurement was successful did the aortic and effer­
ent ctenidial pressures reach normal levels. During flow measurement the 
blood pressure measurement was lower than pressure measurement taken prior 
to and independent of flow measurements. A further difficulty encountered 
with the use of the electromagnetic flowmeter was the establishment of 
zero flow. Since this was extremely difficult to achieve, the following 
assumption was made in reporting values: zero flow in the aorta probably 
occurred at the lowest point of the flow pulse. Table 4 contains pressure 
and flow data for each of the two animals in which pulsatile flow measure­
ments were made, while Figures 20 and 29 contain recordings from which 
the data were derived. 
It was difficult to evaluate fully the temporal relationships between 
pressure and flow pulses of the aorta. However, with both the Doppler 
flowmeter and the electromagnetic flowmeter the flow pulse appeared to 
follow a similar time course to the aortic pressure pulse; i.e., there 
was a one to one correspondence with each portion of both pressure and 
figure 26. The upper trace is a recording of left efferent ctenidial 
vein pressure of Haliotis corrugata #13- The middle trace 
is the simultaneous recording of aortic pressure. The lowest 
trace is the simultaneous recording of aortic flow recorded 
by Doppler flometer. 
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Figure 27. The upper trace is a recording of efferent ctenidial vein 
pressure of Haliotis corrugata The middle trace is 
the simultaneous recording of aortic pressure. The lowest 
trace represents a recording of pedal arterial flow made by 
Doppler flowmeter. 
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Table 4. Pressure data and simultaneously recorded flow data for two specimens of Haliotis 
corrugata 
Animal 
number 
Mean pressure (cm H^O) 
Aorta Efferent ctenidial vein 
Before flow During flow Before flow During flow 
Mean flow (ml/min) Peripheral 
resistance 
(dyne.sec/cm ) 
Aorta 
05 
6.9 
6.7 
k . o  
3.9 
1.6 
1.5 
0.7 
0.6 
3.6 
2.1 
5.2 X 10 
9.2 X 10 
^Peripheral resistance = P/Q where P = mean aortic pressure - mean efferent ctenidial 
pressure. In C.G.S. units peripheral resistance = PP980/Q where P is in cm H^O, p is density of 
water in g/crn^, 98O is gravitational acceleration in cm/sec^ and Q, is flow in cm^/sec. 
Figure 28. The upper trace is a recording of left efferent ctenidial vein 
pressure of Haliotis corrugata #04. The middle trace is the 
simultaneous recording of aortic pressure. The lowest trace 
is the simultaneous recording of aortic flow by electromagnetic 
flowmeter. The polarity was reversed so the trace appears 
inverted. 
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Figure 29. The upper trace is a recording of left efferent ctenidial vein 
pressure in Haliotis corrugata #05. The middle trace is the 
simultaneous recording of aortic pressure. The lowest trace 
is the simultaneous recording of aortic flow by electro­
magnetic flowmeter. 
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I 4 5 ml/min 
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flow pulses. The flow pulse led the pressure pulse by a small phase 
angle. The exact size of this angle could not be ascertained because the 
pressure pulse was recorded a distance of 2.5 mm in front of the electro­
magnetic flowprobe electrodes. In the measuring situation it was impossi­
ble to calculate the rate of pressure pulse propagation. 
Cardiac Output 
Thermal dilution was used to determine cardiac output in three 
specimens of Haliotis corrugata. The first specimen, an animal in poor 
physical shape, was used to develop and test the method; thus, values 
obtained from it will not be reported here. Cardiac output for the other 
two specimens is reported in Table 5. These values represent the mean of 
ten determinations made sequentially approximately every 15 minutes. 
Table 5. Cardiac output of Haliotis corrugata obtained by a thermal 
dilution technique 
Animal number Wet weight Heart rate Stroke volume Cardiac output 
(g) (beat/min) (ml/beat) (ml/kg/min) 
21 432 18 1.026 + 0.054 & 39.58+2.681 
22 457 21 0.975 + 0.018 44.12 + 0.728 
^Standard deviation of mean. 
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Heart RateiJ 
Direct measurement of blood pressure and blood flow permitted the 
calculation of heart rate. Heart rates were variable; at 15°C the mean 
rate of 13 animals was 21.1 + 0.64 beats/min with a high of 2k beats/min 
and a low of l6 beats/min. Individual rates are shown in Table 6. 
Table 6. Heart rates of individual Haliotis corrugata 
Animal number Rate (beats/min)®' 
02 16 
03 23 
04 23 
05 21 
06 2h 
13 20 
l4 23 
15 18 
16" 21 
18 22 
21 18 
22 21 
25 2k 
^These represent rates when animals were behaving "normally." 
Like cardiovascular parameters reported earlier, heart rate showed 
very poor relationship to body dimensions. The correlation coefficient 
of wet weight and heart rate was 0.159 while the coefficient of shell 
length and heart rate was 0.l48. 
8o 
Results in Other Haliotidae 
During the course of these studies hemodynamic measurements were made 
in two specimens of Haliotis sorenseni and in one specimen of Haliotis 
fulgens. These measurements are listed in Table 7. 
Table 7. Pressure measurements in Haliotis sorenseni and in Haliotis 
fulgens 
Species^ Wet weight Blood pressure Heart rate 
(g) 
Area 
(cm HgOj 
Systolic Diastolic 
(beats/min) 
sorenseni 390 Ù 7.3 1.0 6.6 5.3 25 
sorenseni 559 Ao, 
EC 
3.8 1.7 
0.2 0.1 
23 
fulgens 232 Ao 
EC 
5.7 3.2 
0.3 0.1 
18 
^All specimens were females. 
= ventricle. 
^Ao = aorta. 
= efferent ctenidial vein. 
These values were lower than in Haliotis corrugata. Qualitative 
aspects of blood flow were examined in the specimen of Haliotis fulgens 
by Doppler flowmeter. The flow was pulsatile with a form similar to that 
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of Haliotis corrugata. During recording of ventricTilar pressures in the 
first specimen of Haliotis sorenseni, a short developed across the trans­
ducer and permitted the recording of the electrocardiogram. Figure 30 
shows this odd occurrence. 
IOt— 
sec 
Figure 30. The upper trace is a recording of aortic pressure of Haliotis 
sorenseni #01. The lower trace is the simultaneous recording 
of ventricular pressure. A short in the strain gauge trans­
ducer permitted recording of the electrocardiogram. 
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DISCUSSION 
These studies were conducted to establish basic hemodynamic param­
eters of a large marine gastropod, the pink abalone Haliotis corrugata. 
Although quantitative aspects of hemolymph flow have remained somewhat 
elusive, nonetheless, a good start has been made in understanding and in 
evaluating the efficiency of the cardiovascular system of this animal. 
Pressure and Flow Measurements 
The gathering of pressure data turned out to be a relatively simple 
matter. In any direct blood pressure measurement the investigator risks 
recording pressures in a traumatized animal rather than in a normal one. 
This becomes an even greater problem when the size of catheter is large 
with respect to the size of animal and its blood vessels. The volume 
displacement of pressure transducers used in this study permitted the use 
of relatively small diameter catheters (23 gauge needles). In other 
studies of molluscan hemodynamics much larger catheters were used. Jones 
(1970 and 1971) used 16 gauge hypodermic needles in his studies of hemo­
dynamics in Patella vulgata and Helix pomatia. Helix pomatia averaged 
20 g with shell as opposed to an average wet weight without shell of 
hoh g in Haliotis corrugata. Brand (1972) used slightly smaller catheters 
(20 gauge needles) in his studies of the clam Anodonta anatina. While 
no mention is made of animal size in this study, Anodonta anatina is 
smaller than Haliotis corrugata. Both Brand and Jones reported what they 
considered to be normal pressures. In light of those investigations and 
the behavior of Haliotis corrugata reported in an earlier section of the 
present study, there is no evidence that catheterization of blood vessels 
8U 
unduly influenced hemolymph pressures measured in Haliotis corrugata. 
Cardiodynaw-i c correlates of aortic hemolymph flow and pressure 
pulse-waves in the ventricle, aorta, pericardium and auricles 
The heart in its contractions generated pressure pulse-waves which 
were detected in all areas of the cardiovascular system from which pres­
sures were recorded. Figure 31 summarizes pressure pulse-waves recorded 
from the ventricle, the opening into the auricles, the pericardium and the 
aorta. This figure also exhibits aortic flow pulse-waves. These pulse-
waves may be correlated with events in the cardiac cycle. The rapidly 
rising phase of the ventricular pulse-wave probably occurred during iso-
volumetric contraction of the ventricular myocardium. Once the ventricular 
pressure had attained a sufficient magnitude, it breached the aortic pocket 
valve and there was rapid ejection of blood into the aortic bulb. At this 
point aortic pressure rose and both aortic and ventricular pressures 
reached their peak or systolic level, the ventricular peak occurring just 
prior to the aortic peak. Pressure in both the aorta and ventricle then 
declined simultaneously with reduced ejection of blood from the ventricle. 
A point was reached in the decline where aortic back pressure caused 
closure of the aortic pocket valve. This point was marked by the incisura 
of the aortic pressure pulse-wave. Also occurring at this point was a 
rapid decrease in ventricular pressure, and it marked isovolumetric relaxa­
tion of the ventricle. The aortic pressure continued to decline slowly 
and was followed by a similar decrease in aortic blood flow. The mainte­
nance of this reduced flow was probably a function of the diminishing 
volume of the bulbus. 
Figure 31. The upper part of this figure shows time, relationships of 
aortic (AO), left auricular (A.I), pericardial (p) and ven­
tricular (v) pressure pulse-waves. The lower portion is a 
semi-diagramatic representation of the aortic flow pulse-wave. 
It is derived from information obtained by both Doppler and 
electromagnetic flowmeters and it should be noted that the 
time relationship of this wave to the pressure pulses has not 
been worked out fully. Y-axis flow values are based on car­
diac output and they actually represent flow in both the aorta 
and median palliai artery. 
Before b = auricular systole 
b-c = isovolumetric contraction of ventricle 
b-e = ventricular systole 
c = opening of aortic pocket valve 
c-d = rapid ejection 
d-e = reduced ejection 
e = closure of aortic pocket valve 
e-f = isovolumetric relaxation of ventricle 
86 -
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Figure 31 shows that the pericardial pulse-wave followed a parallel 
time course to the auricular pulse-wave. These pulse-waves were both l80° 
out of phase with the ventricular pulse-wave. Apparently, as the ventri­
cle reached its peak pressure the auricles were at their maximum filling 
point. The converse situation happened during ventricular relaxation. 
Since the pericardial pressure pulse-wave paralleled the auricular pressure 
pulse-wave, a constant-volume theory (volume-compensating mechanism) for 
ventricular filling in Haliotis corrugata is suggested. This theory, first 
proposed by Ramsay (1952), holds that cardiac filling in most mollusca is 
accomplished by contraction and relaxation of the ventricle in a pericar­
dial chamber which is at constant volume. As the ventricle contracts, 
hemolymph flows into the auricles to compensate for any volume change, 
and as the ventricle relaxes hemolymph flows from the auricles into the 
ventricle to maintain constant volume. In I966 Hill and Welsh questioned 
this theory and called for more evidence to support it. The studies of 
Brand (1972), Civil and Thompson (1972) and Jones (1970 and 1971) have 
supplied a great deal more evidence. Brand (1972) and Jones (1970 and 
1971) recorded pressures in ventricle, auricle and pericardium, but neither 
investigator discussed the implications of wave form in this theory. 
While peaks and low points of ventricular, auricular and pericardial 
pressure pulse-waves were l80° out of phase, not until the latter two waves 
were examined for their relation to the aortic wave did the significance 
of their shape come to light. Auricular and pericardial pressure pulse-
waves were almost mirror images of a damped aortic wave. 
Wiggers (1928) listed four factors which would influence the form of 
pulse-waves as they travelled. These factors were: 
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1. damping of waves as they travelled. 
2. various components of the wave travelling at different velocities. 
3. either annihilation or amplification of the components of the 
pulse by reflected waves. 
4. the occurrence of natural vibrations in various parts of the 
vascular tree. 
It could be hypothesized that the first three factors play a role in 
the final form of the pericardial and auricular wave forms. The aortic 
bulb was thin-walled and was located within the pericardium. The incisura 
of the aortic pressure pulse-wave would have its high frequency components 
transmitted most rapidly across the thin wall of the bulbus and into the 
pericardium and then "into the auricular chamber. These high frequency 
components would be subjected to viscous dancing by the bulb wall and the 
fluid within the pericardial chamber and that within the auricle. Further, 
there would be reflection of all harmonics of the three ifaves within the 
pericardium. The frequencies produced by the incisura would amplify 
similar frequency harmonics of the pericardial and auricular wave form. 
Although the pericardial and auricular pressure pulse-wave s were apparently 
the cosine function of the ventricular pressure pulse-wave, they had super­
imposed upon them high frequency components of the incisura of the aortic 
pressure pulse-wave. Thus the form of pressure pulse-waves of structures 
within the pericardium are entirely consistent with a constant-volume 
theory of cardiac filling in the mollusca. 
An interesting comparison exists between the pulse-waves diagrammed 
in Figure 31 and those from the better understood vertebrate cardiovascular 
system (e.g., Berne and Levy, 1972). The ventricular and aortic pressure 
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pulse-waves of Haliotis are similar to those of mammals, but pulse-waves 
of Haliotis auricles are quite different from the atrial pulse-waves of 
mammals. This difference is related to the mechanism of filling and the 
subsequent generation of pulse-waves. In Haliotis active contractions 
of the auricles during a cardiac cycle would appear to play a very limited 
role in normal auricular function. If active contraction does occur in 
normal auricular function, it probably comes towards the end of auricular 
emptying. Probably more important to its function is its thin-walled 
elastic nature which allows it to act as an expansion chamber during the 
cardiac cycle. On the other hand, mammalian atria play an active role 
during the cardiac cycle. 
The flow pulse-wave in mammalian aortas also differs from that of the 
aorta in Haliotis. In the root of the mammalian aorta there is at the time 
of semilunar valve closure a small back flow, after which flow essentially 
remains at zero until the next cycle. In Haliotis, after peak flow during 
rapid ejection, the aortic bulb maintains a steadily declining flow for 
most of the remaining cardiac cycle. As mentioned previously, this is 
probably analogous to the situation in teleost fish. 
Shape of pressure pulse-waves in the aorta, epipodial artery and 
afferent ctenidial veins 
A common phenomenon seen in pressure pulse-waves in the arterial tree 
of mammals was peaking (McDonald, 1960). Pulse-waves recorded more 
distally to the heart had higher peak pressures and more compressed time 
bases, while showing a decrease in mean pressure. Occurring simultaneously 
was damping of the incisura. Reflection of waves is mainly responsible 
for the phenomenon of peaking. 
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When the aortic pressure pulse-wave in Haliotis was compared with the 
epipodial pressure pulse-wave, no peaking was observed; rather, the 
epipodial pressure pulse-wave was more rounded. Absence of peaking appears 
to be a function of anatomy. In mammals the aorta branches to smaller 
diameter vessels, and this anatomical feature permits the reflection of 
waves to cause peaking. In Haliotis, the aorta instead of narrowing con­
stantly, opens into the wide cephalic arterial sinus which then branches 
to give rise to the epipodial artery. Here, viscous damping of pressure 
pulse-waves in the widened chamber plays a more dominent role in altering 
wave shape than does reflection. Damping is most apparent in the great 
reduction of the incisura. 
Pressure levels within the cardiovascular system 
The values of pressure reported in this study for Haliotis are low 
when compared to another gastropod such as Helix. Indeed, the study of 
Jones (1971) suggests that Helix cardiovascular system operates at more 
than twice the pressure levels of that of Haliotis. However, Haliotis 
cardiovascular system appears to operate at twice the pressure level 
recorded in another gastropod, Patella vulgata. Similarly, the pelecypod 
Anodonta anatina, when not burrowing, seemingly functions at approximately 
one-half the pressure levels reported for Haliotis. Cephalopoda have 
closed circulatory systems and high blood pressure; Johansen and Martin 
(1962) reported values for Octopus dofleini which far exceeded those 
measured in Haliotis. Hill and Welsh (1966), Jones (1970) and Brand (1972) 
commented on the general correlation between heart pressures and the 
activity level in the various groups of molluscs. 
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There vas little evidence in the present study that body movements 
play a major role in increasing venous return. Results presented here 
shoifed that while body movements produced periodic oscillations in blood 
pressure, these oscillations occurred simultaneously in arterial and 
venous circulations, thus not noticeably altering the pressure drop. 
During violent activity such as "clamping down" pressure surges which 
occurred in the aorta and the efferent ctenidial veins were of equal 
magnitude suggesting there was not even a momentary increase in pressure 
drop to permit increased venous return. The most likely area where body 
movements appear to generate large venous pressures is the foot. Unfor­
tunately, pressures were not recorded from the pedal arteries or sinuses. 
However, the anatomical arrangement of blood vessels in the head and foot 
raises some doubt that pressure in this region of the body aids venous 
return. A valve-like flap of foot and body wall muscles guards the en­
trance from the cephalic arterial sinus into the pedal and epipodial 
arteries and prevents regurgitation of hemolymph from the foot into the 
head. Similarly situated anatomical or physiological valves are known 
to exist in pulmonate gastropods (Nisbet and Plummer, I969). Further, 
Crofts (1929) first identified a muscular valve guarding the entrance 
from venous elements of the foot into the cephalic venous sinus. 
Apparently, this valve could prevent the outflow of hemolymph from the 
foot. The fact that these valves are positioned to guard both inflow and 
outflow from the foot suggests that during momentary violent activity 
this region of the cardiovascular system could be cut off from the rest 
of the circulation by neural reflexes. 
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If body activity does play a role in hemolymph flow, it is probably 
limited to regional translocation of heiaclymph rather than overall in­
creased cardiac output due to increased venous return. Jullien and 
Ripplinger (1953) have recorded large venous return pressures in Helix 
and have suggested that during activity these were more important for 
venous return and cardiac filling than the operation of a constant-
volume mechanism. Brand (1972) cited their observation as a possible 
difference in functioning of gastropod and pelecypod cardiovascular sys­
tems. In his study Brand found no evidence of enhanced venous return 
caused by body movements. The validity of Jullien's and Ripplinger's 
observation must be questioned in light of the present study. Jullien 
and Ripplinger did not make simultaneous measurements in arterial and 
venous circulations and would not have observed corresponding rises in 
arterial pressures. 
The pressure drops reported in the present study showed a 4o% drop 
in pressure across the ctenidia while the other 60^ of the pressure drop 
occurred across the rest of the body. Any ability to alter this ratio 
and/or overall peripheral resistance would appear to reside in the cteni­
dia. The behavioral response to catheterization of the afferent ctenidial 
vessels suggests a highly developed ability to control ctenidial blood 
flow by occlusion of areas of the ctenidia. The afferent ctenidial vessel 
possesses outer transverse and inner longitudinal muscles which continue 
into the lamellae lacunae (Crofts, 1929). The efferent ctenidial vessels 
also possess longitudinal muscle bands. The whole ctenidial apparatus is 
highly innervated with each lamella having two nerves. In no other part 
of the vascular system were vessels observed to be supplied with muscle. 
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In the foot some of the lacunae do have muscle fibers forming part of 
their wall, hut by and large most of the sinuses and lacunae are formed 
by the arrangement of connective tissue. Hill and Welsh (1966) charac­
terized the molluscan cardiovascular system as linear with the resistance 
network in series with the heart and conduit vessels. The anatomical and 
pressure measurement evidence suggests there are at least two resistance 
networks. An examination of the anatomical evidence in Haliotis suggests 
there are a TTn'm'Tmirn of three resistance networks: a pair parallel to 
each other and in series with the third. The parallel pair would consist 
of the cephalic and visceral elements as one network and the foot and 
epipodium as the second network. They are in series with the third net­
work which would be made up of the ctenidium. A pure resistance model of 
Haliotis circulatory system would have as its electrical analog the cir­
cuit diagrammed in Figure 32. 
In the magnitude of pressure drop across the region of oxygenation, 
Haliotis resembles teleost fish. Randall (1970) reported that most 
teleosts have approximately 30-40^ of their pressure drop occurring across 
their gills. Fish have the ability to regulate peripheral resistance not 
only through the gill but also in the vascular beds in the rest of the 
body. 
Relationship of body size parameters to blood pressure 
The small number of animals used and their uniformity in size and sex 
prevented an effective analysis of the relationship between body size 
parameters and blood pressure. A trend of increased systolic and dias­
tolic arterial blood pressure with soft wet weight was noted. However, 
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Figure 32. A pure resistance, electrical analog of Haliotis corrugata 
cardiovascular system. represents pedal generated pressure. 
Eg is the heart, is resistance in pedal circulation, is 
resistance of cephalic and visceral circulation while R is 
resistance of ctenidial circulation and sw^ and sw^ represent 
valves which could cut off pedal circulation from the rest of 
the body. 
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these same pressures decreased with increasing shell length. The trend 
was difficult to evaluate "because of the small sample and the uniformity 
in size of animals used; they ranged in weight from 330-550 g with a mean 
of 403.6 + 0.2 g, while in length they ranged from l47-l6l mm. with a mean 
of 152.8 +0.0 mm. The fact that in relation to weight and length the 
blood pressure demonstrated wide scatter is not surprising. Visser (1972) 
found poor correlation between oxygen consumption and body weight in 
Haliotis corrugata (the sample size was also small). Churchwell (1972), 
in a study of tissue and whole animal respiration using Haliotis crach-
erodiia found highly variable respiratory rates. Apparently, blood 
pressure scatter with respect to body dimensions was a reflection of a 
highly variable metabolic rate found in these animals. 
Pulsatile flow 
Qualitative aspects of pulsatile flow in the aorta have already been 
discussed with respect to the cardiac cycle. The small number of quan­
titative measurements of this hemodynamic parameter prevented a systematic 
examination of pressure flow relationships. Since heavy mortality rates 
were experienced in the surgical procedure necessary for probe implanta­
tion, a different approach to gather flow information is probably war­
ranted. Much of the difficulty experienced resulted from the bulky nature 
of the electromagnetic flowprobe and its leads which made it difficult to 
maneuver in the limited space around the exposed aorta. A possible solu­
tion may be use of "cannula" Doppler flowprobes which with their small 
crystals have less bulk than do electromagnetic flowprobes. Once these 
problems have been overcome, further studies into the extent of pulsatile 
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flow need to be conducted. 
Cardiac Output and Total Peripheral Resistance 
The values for cardiac output, on a body weight basis, in two speci­
mens of Haliotis corrugata were higher than those reported in the litera­
ture for closed circulatory systems. The values reported by Randall 
(1970) for fish were only about one-half the values found in Haliotis 
corrugata. Most vertebrates have values similar to those of fish. The 
cephalopod mollusc Octopus dofleini with its closed circulatory system 
also possessed values similar to those of fish. The two values in the 
literature for open systems were in striking contrast. Cardiac output 
values in decapod Crustacea have been calculated by Pick principle; 
Redmond's (1955) estimate was based on low arterial oxygen saturation 
while Johansen and his colleagues (l970) found high arterial oxygen 
saturations. The values for Haliotis corrugata were approximately one-
half those of Redmond but about one and one-third those of Johansen et al. 
It should be pointed out that crustacean values were calculated using 
weights which included the exoskeleton, whereas in values presented in the 
present study calculations were based on wet weight of soft body parts. 
However, not until more values have been established for open circulatory 
systems will it be known if fundamental differences exist between cardiac 
outputs of open and closed circulatory systems. 
The concept of vascular resistance is useful for describing the 
function of a cardiovascular system. Total peripheral resistance, while 
not a good analytical method for distinguishing the behavior of individual 
sections of a vascular bed, was useful in separating the effects of 
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changes in flow (McDonald, 1960). Thus the establishment of basal total 
peripheral resistance values in a cardiovascular system is necessary. In 
calculating the quantity several different units have been used, but to 
avoid confusion and ctmibersome transformations C.G.S. units are preferred. 
Using the cardiac- output determined for the two specimens of Haliotis 
corrugata and the average pressure drop across the heart determined for 
10 specimens, an estimate for total peripheral resistance may be derived. 
A value of 1.66 x 10^ dyne.sec/cm^ was calculated. This was of the same 
order of magnitude as the peripheral resistance calculated in these ani­
mals when flow and pressure were measured simultaneously. 
This value is higher than that found in mammals. McDonald (i960) 
O C 3 
reported a value of 1.64 x 10 dyne.sec/cm for man and 3.14-3-75 x 10 
dyne.sec/cm^ for dog. Using values of pressures and cardiac output listed 
for Octopus dofleini in the Handbook of Respiration and Circulation 
(Altman and Dittmer, 1971)5 a value of 8.53 x 10^ dyne.sec/cm^ was cal­
culated. 
These values leave one perplexed and until more values are derived 
for open circulatory systems, a fair interpretation would be difficult. 
As they now stand the values would suggest that total peripheral resis­
tance is not related directly to open or closed circulatory systems. The 
fact that Octopus and Haliotis total peripheral resistance is of the same 
order of magnitude is possibly related to the fact that the closed system 
of Octopus was secondarily derived from the open system found in other 
molluscs. 
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Light Response 
The transient changes in blood pressure that Haliotis demonstrates in 
response to quickly changing light intensities is a possible shadow re­
sponse. This is a startle reflex in which the animal withdraws in re­
sponse to the presence of a possible predator. This response is common 
in many marine animals. The interesting aspect of this phenomenon was 
that there seemed to be no apparent motion on the part of the abalone. 
The phenomenon and its effect on blood pressure may be a useful tool in 
studying nervous control of the heart. 
Future Studies 
This study has raised as many questions as it has solved. Many 
questions are related to the establishment of comparable hemodynamic 
parameters in other animals possessing open circulatory systems. Further 
questions are directly related to Haliotis itself, and several studies 
need to be undertaken to establish the following: 
1. the nature of resistance vessels and their control. 
2. the capacitance of the system. 
In the latter respect, the light response could find further utility. 
During the light response there was an increase in pulse pressure. 
Arterial pulse pressure is principally a function of stroke volume and 
arterial capacitance. By using this response both changes in stroke 
volume and the nature of capacitance may be derived. The role of arterial 
vessel walls needs to be elucidated. Also, the significance of a large 
blood volume must be examined for its impact on cardiac output and the 
shunting of hemolymph in the cardiovascular system. 
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Once these have been established and flow and cardiac output have 
been determined with a greater degree of certainty, further studies to 
evaluate the limits of the system may be undertaken. It must be pointed 
out that in this study the animals although unrestrained were resting, 
and while this allows collection of basal data, it does not tell to what 
limits the system can be driven to meet emergencies or other conditions 
of stress. After these aspects have been worked out, effective compari­
sons can then be drawn between the efficiency of the open system of 
Haliotis and that of the well-known closed systems of vertebrates. 
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nUMt/lARY 
1. The anatomy of the cardiovascular system of the pink àbalone, Haliotis 
corrugata, was studied hy dissecting, injecting and clearing speci­
mens and "by preparing corrosion models. 
2. Corrosion models showed that in most of the body organs the lacunar 
system was an extensive development of mostly minute ramifying and 
anastomosing channels. 
3. Further, hemodynamics in resting animals was investigated at 15°C by 
measuring pulsatile pressure and pulsatile flow and also hy measuring 
cardiac output. 
4. Pulsatile pressures were measured "by strain gauge manometers and by a 
galvanometric recorder from the ventricle, aorta, left epipodial 
artery, afferent ctenidial veins, efferent ctenidial veins and peri­
cardial cavity. 
5. Pressures in all these areas were generally above atmospheric pressure 
with the lowest pressure being reached in the pericardium and the 
highest pressure being reached in the ventricle. 
6. The ventricle generated a mean pressure gradient of 5.5 cm H^O between 
the aorta and the efferent ctenidial veins. 
7. Pressure variations in the ventricle, pericardial chamber and auricles 
during the cardiac cycle and pressure pulse-waves recorded from these 
areas and from the aorta were entirely consistent with a constant-
volume (volume-compensating) mechanism of cardiac filling. 
8. During violent activity pressure surges appeared to be transmitted 
equally to both arterial and venous circulations. 
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9. There was little evidence that body activity enhanced venous return. 
10. Blood pressures recorded across the ctenidia revealed that hOPlo of the 
pressure drop occurred here. 
11. Body size parameters (soft wet weight and shell length) showed poor 
correlation with aortic blood pressure. 
12. Pulsatile blood flow was transduced by electromagnetic and Doppler 
flowmeters and recorded on a galvanometric recorder. 
13. Recordings from both types of flowmeters suggested that blood flow in 
the aorta continued throughout most of the cardiac cycle. 
14. Quantitative aortic blood flow was measured in two specimens by 
electromagnetic flowmeter. Using these flow values and values of 
mean pressure recorded simultaneously from the aorta and the efferent 
I4. 
ctenidial vein, peripheral resistances of the order of 10 dyne.sec/ 
cm^ were calculated. 
15. Cardiac output in two specimens of Haliotis corrugata was obtained 
by an indicator-dilution method. Values obtained were 39-58 and 
44.12 ml/kg/min. Using these values and the average mean pressure 
drop across the heart, a value of 1.66 x 10^ dyne.sec/cm^ for total 
peripheral resistance was calculated. 
16. At 15°C heart rates for 13 specimens of Haliotis corrugata averaged 
21.1 beats/min. 
17. It is concluded that in Haliotis corrugata; 
a. cardiac filling is accomplished by the operation of a 
constant-volume mechanism. 
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no evidence at present indicates a role for body activity 
enhancing venous return. 
the aortic "bulb is responsible for maintaining aortic blood 
flow during ventricular diastole. 
anatomical evidence and behavioral correlates suggest that 
overall pheripheral resistance may be controlled in the 
ctenidia. 
the ctenidial circulation has its resistance in series with 
that of the rest of the body. A parallel arrangement of 
pedal and visceral circulatory resistance exists in the rest 
of the body. 
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APPENDIX. ABBEE7IATI0WS 
A.l left auricle 
A.r right auricle 
AC.l left afferent ctenidial vein 
Ao aorta 
AoB aortic bulb 
AoB.w wall aortic bulb 
AoV aortic pocket valve 
BB basi-branchial sinus 
CA cephalic arterial sinus 
CV cephalic venous sinus 
EC.l left efferent ctenidial vein 
EC.r right efferent ctenidial vein 
HG hepato-genital vein 
lA intestinal arteries 
In intestinal blood supply-
Int intestine 
OA opthalamic artery 
PA pericardial artery 
PA.m median palliai artery 
PC pericardial chamber 
PeA.p posterior pedal arteries 
PV.r right palliai vein 
V ventricle 
VA.l first visceral artery 
Ill 
VA.2 . second visceral artery 
RV.l left renal vein 
